During sewing at high speed, the needle thread is subjected to repeated tensile stresses, heat, bending, pressure, torsion and wearing. These stresses act on the thread repeatedly and the thread passes 50-80 times through the fabric, the needle eye and the bobbin case mechanism, before getting incorporated into the seam. As a result both the sewing thread and the yarns in the fabric get abraded/ severed during the seaming process. A number of researchers observed that there could be 30% to 40% strength loss in the cotton needle thread after sewing. The extent of damage becomes more critical if the fabric being used is of a dense, thick and heavy construction. A number of studies have been carried out on thread strength loss after sewing, but the impact of fabric characteristics on thread strength loss is still unexplored. In this paper, the effect of weight and fabric composition of workwear fabrics, on the changes in the tenacity, breaking elongation and initial modulus of the needle thread has been studied. The tenacity and breaking elongation loss increase with increase in fabric weight for staple threads and remain unchanged for core spun threads. The loss in initial modulus increases for polyester threads as fabric weight increases, and decreases for cotton thread. When sewn on polyester-cotton fabric of same weight, the cotton thread shows decrease in tenacity and breaking elongation loss, whereas loss in initial modulus increases. The polyester core spun threads show exactly opposite change, i.e. tenacity and elongation loss increase and loss in initial modulus decreases when sewn on polyester-cotton fabric.
INTRODUCTION
Clothing manufacture is the process of making shell structures from flat fabrics to match the shape of human body. While converting a two dimensional fabric into a three dimensional garment, there is strong interaction among the thread, machine and the fabric. During sewing at high speed, the needle thread is subjected to repeated tensile stresses, heat, bending, pressure, torsion and wearing. These stresses act on the thread repeatedly and the thread passes 50-80 times through the fabric, the needle eye and the bobbin case mechanism, before getting incorporated into the seam [1] . Further, local abrasion and cutting of needle thread can occur, due to the impact and rubbing at the top of needle eye. The level of these stresses is influenced by tensile, bending and surface properties of the thread and its interaction with machine elements, the fabric and the bobbin thread. As a result both the sewing thread and the yarns in the fabric get abraded/ severed during the seaming process. In an early research work, Crow and Chamberlain [2] reported that there is up to 60% loss in thread strength after sewing. Later, a number of researchers observed that there could be 30% to 40% strength loss in the cotton needle thread after sewing [3] [4] [5] [6] [7] . The extent of damage becomes more critical if the fabric being used is of a dense, thick and heavy construction.
Seam strength and sewing performance of the threads is also dependent on residual strength of threads after sewing [8] . If the thread becomes weaker after getting incorporated into seam, the seam strength will also be lower than expected. Therefore, it becomes very important to know how much loss in tensile properties occurs during sewing. A number of studies have been carried out on thread strength loss after sewing, but the impact of fabric characteristics on thread strength loss is still unexplored. Sundaresan et al. for fabrics of lower tightness factor. However, the reason behind the above finding is not clear. In this paper, the effect of weight and fabric composition of workwear fabrics, on the changes in the tensile properties (tenacity, breaking elongation, and initial modulus) of the needle thread has been studied.
MATERIALS & METHODS
Commercially available four types of sewing threads, i.e mercerized cotton, polyester staple spun, polyester-cotton core spun and polyester-polyester core spun threads of 40 tex (with Z twist) were used for sewing workwear fabrics of different characteristics. The threads were characterized for number of plies, twist level, twist direction and friction coefficient. The twist per unit length was measured by direct counting method as per ASTM standard D1423 and friction coefficient was measured using the Lawson Hemphill friction meter as per ASTM standard D3108.
The fabrics were characterized for thickness, weight and fractional cover. The thread and fabric characteristics are shown in Table I and II respectively. Juki industrial lockstitch sewing machine was run at a speed of 4000 stitches/min for producing a balanced seam with 8 stitches/inch on three layers of the fabrics. Most appropriate needle size (100 Nm) was used for the threads. The static tension for all the bobbin threads was 50 cN and the needle thread tension was adjusted to obtain a balanced stitch. The static needle thread tension was 150 cN for cotton thread; 140 cN for polyester staple spun thread; 160 cN for polyester-cotton core spun thread; and 140 cN for polyester-polyester core spun thread. The seam balance ratio was calculated for all the threads. The same type of the thread was used for both needle thread and the bobbin thread for preparing the seams. The needle threads were extracted from the sewn fabrics after cutting the bobbin threads and carefully removing them to avoid any extension and loss of twist. Tensile testing of the needle thread before and after sewing was performed at a gauge length of 250 mm on Zwick tensile testing machine as per ASTM standard D2256. Thirty tests were carried out for each sample and the error was found to be less than 4% at 95% confidence level. The threads extracted from the seam were also tested for thread consumption per stitch. The number of abrasive cycles through the needle and fabric, and the number of dynamic loading cycles due to the action of take up lever, subjected to the thread before it gets incorporated into the seam, were calculated as follow: 
RESULTS AND DISCUSSION
The tensile properties of cotton, polyester staple spun, polyester-cotton core spun and polyesterpolyester core spun thread before and after sewing on different types of fabrics are shown in Table III . It is observed that polyester-polyester core spun threads exhibit highest tenacity followed by polyester-cotton core spun thread, 100% polyester staple spun and mercerized cotton thread. Highest breaking elongation is observed for polyester-cotton and polyester-polyester core spun threads, followed by polyester staple spun and cotton thread. The higher strength and elongation of polyester core spun and polyester staple spun thread is because of the higher strength and elongation of the polyester filaments/fibers as compared to the cotton fibers.
A substantial loss in tenacity, breaking elongation and initial modulus of threads is observed after sewing. Cotton threads show a significantly high loss in tensile properties as compared to polyester staple spun and core spun threads. Figure 1 (a) and (b) show the loss in tenacity and breaking elongation of cotton, polyester staple spun, polyester-cotton core spun and polyester-polyester core spun threads after sewing on fabrics of different weight. It is observed that as fabric weight increases, tenacity and breaking elongation loss increases for cotton and polyester staple spun threads, whereas it remains unchanged for polyester core spun threads. Higher fabric weight is due to the higher linear density and diameter of the warp and weft yarns (Table II) , which cause more abrasive damage to the sewing thread during its repeated passage through the fabric assembly. The needle penetration force is also known to increase with increase in linear density of cross yarns and therefore the heat load on the thread also increases [9-11]. It may be noted that the cloth fractional cover is same for all the fabrics. Consequently upon the increase in fabric weight, fabric thickness also increases, therefore, the thread consumption per stitch increases and the thread is subjected to decreased number of loading cycles before getting incorporated into seam (Table IV) . During sewing, surface fibers of thread are pulled out due to abrasion with the needle and fabric assembly as seen in Scanning Electron Microscope images (Figure 2) . In threads spun from staple fibers, pulling out of fibers loosens the structure and causes significant loss in strength and elongation of the threads, whereas in core spun threads, since the strength and elongation of the thread depends mainly on the filament core, pulling out of surface fibers, to a certain extent, does not have significant effect on its strength and elongation. The abrasive damage through the fabric of higher weight outweighs the effect of decreased number of loading cycles in staple spun threads, therefore the tenacity and breaking elongation loss increases with the increase in fabric weight. Moreover, the polyester staple spun thread is also subjected to thermal damage due to higher needle temperature. In core spun threads, the increased fabric weight causes abrasion to the surface fibers, whereas strength providing core remains unaffected. The increased damage due to the heating of the needle is balanced by the decreased number of loading cycles. Therefore, the loss in tenacity and breaking elongation remains unaffected for core spun threads, as fabric weight increases. Table III shows a significant loss in initial modulus after sewing for all threads. Figure 3 shows the loss in initial modulus of threads after sewing on different workwear fabrics. It is observed that as the fabric weight increases, the loss in initial modulus decreases for cotton thread, whereas a marginal increase is observed for polyester staple spun and core spun threads. When sewn with higher weight fabrics, an increased abrasive damage causes displacement of plies and loosening of structure, and the non contribution of the higher number of surface fibers in thread tensions leads to higher loss in initial modulus. However, the cotton thread behaves differently as regards to the initial modulus loss. In a previous study on changes in tensile properties of threads at different sewing stages, Midha et al. [12] observed that the initial modulus of cotton threads increases initially due to the action of the tension regulator and then decreases substantially during bobbin thread interaction. The increase in initial modulus was due to the realignment of the fibers, whereas displacement of plies and loosening of structure during bobbin thread interaction causes loss in initial modulus. During yarn spinning, higher bending rigidity and higher frictional coefficient of cotton fibers leaves scope for fiber readjustment, whereas low bending rigidity and low frictional coefficient of polyester fibers/filaments makes a compact structure, and hence leaves hardly any scope for further readjustments [13] . Therefore, the realignment of cotton fibers in the thread during dynamic loading leads to a substantial increase in initial modulus of threads. The overall loss in initial modulus after sewing is dependent on the initial increase due to dynamic loading at the take up lever.
EFFECT OF FABRIC WEIGHT Tenacity and Breaking Elongation Loss

Initial Modulus Loss
Since cotton fiber has poor fatigue resistance, excessive dynamic loading cycles at lower fabric weight may cause thread and fiber fatigue and therefore marginal or no increase in modulus after dynamic loading. Therefore, the loss in initial modulus is high at lower fabric weight. With an increase in fabric weight, the number of loading cycles decreases, and the increase in initial modulus after dynamic loading at the tension regulator reduces the overall loss in initial modulus of cotton thread. Figure 4 (a) shows the tenacity loss after sewing on fabrics of different composition, i.e. cotton fabric and 65/35 polyester-cotton fabric of 300 g/m 2 weight. It is observed that for cotton thread, tenacity loss decreases and for polyester staple spun and polyester core spun threads, tenacity loss increases after sewing on polyester-cotton fabric as compared to cotton fabric. The change in tenacity loss for cotton and polyester-cotton core spun thread is not statistically significant at the 95% confidence level. When polyester staple spun and polyester-polyester core spun threads are sewn on fabrics containing polyester fibers, the polyester fibers in the thread get more abrasive damage due to interaction with the stronger polyester fibers present in the warp and weft yarns of the fabric. Therefore, the loss in tenacity is more for polyester threads after sewing on polyester-cotton fabrics, as compared to cotton fabrics.
EFFECT OF FABRIC COMPOSITION Tenacity and Breaking Elongation Loss
Figure 4(b)
shows the loss in breaking elongation of threads, after sewing on fabrics of different composition. A similar trend is observed in breaking elongation loss. Loss in breaking elongation decreases for staple spun threads and increases for core spun threads, when sewn on polyester-cotton fabrics as compared to cotton fabric. The change in breaking elongation is insignificant for polyester staple spun thread at the 95% confidence level. Figure 5 shows the loss in initial modulus of threads after sewing on fabrics of 300 g/m 2 , of different fabric compositions. It is observed that the loss in initial modulus increases for staple spun threads and decreases for core spun threads, when sewn on polyester-cotton fabric as compared to cotton fabric. The change in initial modulus loss for core spun threads is statistically insignificant at the 95% confidence level. However, the higher abrasive damage to the staple spun threads on repeated passage through polyester-cotton fabric causes a significant increase in initial modulus of these threads. 
Initial modulus loss
Thread type Initial modulus loss (%)
Sew n on 100 % cotton fabric Sew n on 65/35 Poly/cot fabric FIGURE 5. Effect of fabric composition (300 g/m 2 weight) on loss in initial modulus after sewing.
CONCLUSION
During high speed sewing the tensile characteristics of needle thread are influenced by fabric characteristics. The tenacity and breaking elongation loss increase with an increase in fabric weight for staple threads and remains unchanged for core spun threads. The loss in initial modulus increases for polyester threads as fabric weight increases and decreases for cotton thread.
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When sewn on polyester-cotton fabric of the same weight, a cotton thread shows a decrease in tenacity and breaking elongation loss, and an increase in loss of initial modulus. Polyester staple spun thread also behaves in the same manner except increased loss in tenacity. The polyester core spun threads show exactly opposite change, i.e. tenacity and elongation loss increases and loss in initial modulus decreases when sewn on polyester-cotton fabric. Cotton thread shows the highest loss in tensile properties as compared to the polyester staple and core spun threads. 
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